The prevalence of type 2 diabetes nearly doubled in the U.S. between 1980 and 2006, and rates have been increasing rapidly throughout the world ([@B1]). Diabetes can be a debilitating disease associated with reduced quality-of-life, severe complications, shorter life expectancy, and increased economic burden ([@B2],[@B3]). Much effort has been devoted to identifying factors associated with the increased risk of developing type 2 diabetes and improved prognosis of people with type 2 diabetes to improve the lives of millions of Americans. Disturbed sleep has recently been proposed as a novel risk factor.

Laboratory studies that manipulated bedtimes observed impaired glucose metabolism after sleep restriction compared with sleep extension ([@B4]--[@B6]). These laboratory studies lasted only 1 to 2 weeks and the results may not reflect the effects of habitual short sleep. Observational studies have examined the association between self-reported habitual sleep and diabetes risk. Many have found cross-sectional associations that indicated a higher prevalence of diabetes among short sleepers ([@B7]--[@B9]) and among those with poor subjective sleep quality ([@B10],[@B11]). Several prospective studies found higher rates of incident diabetes associated with shorter sleep durations. For example, a meta-analysis reported a pooled risk ratio of 1.28 (95% CI 1.03--1.60) associated with sleep duration ≤6 h compared with 7--8 h per night ([@B12]). These observational studies all relied on self-reported sleep, which may not be very accurate ([@B13]). A small Italian study did use wrist actigraphy to compare the sleep of patients with type 2 diabetes with healthy control subjects and found higher sleep fragmentation in the patients with diabetes ([@B14]). Together, these studies suggest that glucose metabolism may be adversely affected by short sleep duration and poor sleep quality.

The goal of the current study was to examine whether sleep duration or quality measured using wrist actigraphy was associated with levels of fasting glucose, fasting insulin, or estimated insulin resistance in a community-based sample of early middle-aged adults.

RESEARCH DESIGN AND METHODS {#s5}
===========================

This study is ancillary to a large, ongoing cohort study, the Coronary Artery Risk Development in Young Adults (CARDIA) Study, which began in 1985--1986. CARDIA recruited black and white adults aged 18--30 years from four sites in the U.S., including Chicago, which is the site involved in our ancillary study. Those who were not pregnant at the 2000--2001 CARDIA examination were eligible to participate in our study, and 670 participants of 814 (82%) consented. Written informed consent was obtained from each participant, and this protocol was approved by the institutional review boards at Northwestern University and the University of Chicago.

In 2003--2005, sleep measures were collected using wrist actigraphy and questionnaires. In the 2005--2006 CARDIA clinical examination fasting blood samples were obtained along with other clinical and demographic variables.

Glucose and insulin were both assayed in the fasting blood sample. Each participant was asked to fast for 12 h and refrain from smoking for 2 h before the examination. Participants were asked to report the time of their last meal, and the length of the fasting period was calculated. Glucose was measured on a Cobas Mira Plus chemistry analyzer (Roche Diagnostic Systems, Indianapolis, IN) using the hexokinase ultraviolet method. Insulin was measured by radioimmunoassay using an overnight equilibrium incubation format. As part of quality control, reassays of stored samples were conducted and recalibration equations were developed for the glucose and insulin values from the 2005--2006 CARDIA examination. The current report uses the calibrated values of glucose and insulin.

Insulin resistance was estimated from the homeostatic model assessment (HOMA) index, which was calculated as: \[fasting plasma insulin (mU/L) × fasting plasma glucose (mmol/L)\]/22.5 ([@B15]). Higher values indicate greater estimated insulin resistance.

A person was considered to have diabetes if one of three criteria was met: *1*) the participant had a fasting plasma glucose level of ≥6.99 mmol/L, *2*) he or she reported having been diagnosed with diabetes, or *3*) he or she reported taking medications identified as a treatment for diabetes (e.g., insulin, Amaryl, Avandia, Glucophage, glipizide, Glucotrol, metformin).

Participants wore an Actiwatch-16 wrist activity monitor (Mini-Mitter Inc, Bend, OR) for 3 days on two occasions approximately 1 year apart between 2003 and 2005. These monitors use highly sensitive omnidirectional accelerometers to count the number of wrist movements in 30-s epochs. The software scores each 30-s epoch as sleep or wake based on a threshold of activity counts that is estimated using activity within the epoch being scored as well as the epochs 2 min before and after that epoch. Bedtime and wake time are set by the researcher using the event markers, a sleep log, and data. Wrist actigraphy has been validated against polysomnography, demonstrating a correlation for sleep duration between 0.82 in people with insomnia and 0.97 in healthy subjects ([@B16]).

Sleep duration and fragmentation were calculated using Actiware 3.4 software, supplied by the manufacturer. Sleep duration is the amount of actual sleep obtained at night. Sleep fragmentation is an index of restlessness during the sleep period expressed as a percentage. It is calculated by summing two percentages: *1*) the percentage of the sleep period spent moving (an epoch with \>2 activity counts is considered moving) and *2*) the percentage of the number of immobile phases (consecutive epochs with no movement) that are only ≤1 min long. For each participant, the mean across all available nights was used. For 92% of participants in these analyses, 6 days of actigraphy recording were available and the remaining 8% had 3 to 5 days of actigraphy recording.

We also created a dichotomous variable to identify insomnia based on subjective and objective assessments of sleep. A person was considered to have insomnia if both of the following were true: *1*) on the Pittsburgh Sleep Quality Index questionnaire ([@B17]), he or she reported not falling asleep within 30 min three or more times per week *or* waking up in the middle of the night three or more times per week, *2*) his or her average sleep efficiency (sleep duration divided by time in bed) from the actigraphy data was \<80%.

Participants also completed the Berlin Sleep Apnea questionnaire ([@B18]). A participant was considered to have frequent snoring symptoms if he or she indicated two of three of the following conditions on this questionnaire: *1*) snored three or more times per week, *2*) snoring was louder than talking or very loud, or *3*) experienced breathing pauses three or more times per week.

Covariates included race, sex, and age. BMI (kg/m^2^) was measured in 2005--2006. Finally, income (seven-level ordinal variable ranging from \<\$16,000 to ≥\$100,000) and education (a five-level ordinal variable: less than high school, high school graduate, some college, college graduate, more than college degree) in 2005--2006 were included in the fully adjusted models.

Statistical analysis {#s6}
--------------------

Because the mechanisms of glucose regulation are markedly different between people with and without diabetes, all analyses were stratified by diabetes status. Means (SD) of all continuous variables and proportions of categorical variables were calculated. Differences in means between those with and without diabetes were tested using unpaired Student *t* tests, and differences in proportions were tested using χ^2^ tests. Linear regression models were used to examine the cross-sectional association between the sleep measures and fasting glucose, fasting insulin, and HOMA of insulin resistance (HOMA-IR) at the 20-year examination. Each of the four sleep measures---sleep duration, sleep fragmentation, insomnia, and frequent snoring---was entered into a separate regression model. Fasting glucose, fasting insulin, and HOMA-IR were all transformed using the natural log in the analyses because they were skewed to the right. The first regression model was unadjusted, and the second model was adjusted for age, race, sex, BMI, education, and income. The robust variance estimator was used in linear regression models to calculate confidence intervals and *P* values. All statistical analyses were conducted using StataSE 10 software (StataCorp, College Station, TX).

We excluded 9 participants with \<3 days of wrist actigraphy data, 87 who reported a fasting period of \<8 h before the clinical examination, 2 who were missing a value for fasting glucose or fasting insulin at 20 years, and one whose diabetes status could not be ascertained, which resulted in a final sample size of 571 participants.

RESULTS {#s7}
=======

[Table 1](#T1){ref-type="table"} presents the means (SD), and proportions of key variables in the analysis stratified by diabetes status. BMI, fasting glucose, fasting insulin, HOMA-IR, and prevalence of insomnia were all significantly higher in the diabetes group.

###### 

Description of sample by diabetes status

  Variable                  No diabetes (*n* = 531)   Type 2 diabetes (*n* = 40)   *P*                          
  ------------------------- ------------------------- ---------------------------- -------------- ------------- ----------
  Age (years)               45.2 (3.6)                37--52                       45.6 (3.8)     38--51        0.51
  BMI (kg/m^2^)             28.4 (6.5)                17.2--61.0                   37.9 (9.2)     24.3--60.3    \<0.0001
  Glucose (mmol/L)          5.3 (0.5)                 3.5--6.8                     8.2 (2.7)      4.8--19.4     \<0.0001
  Insulin (pmol/L)          79.1 (50.7)               4.5--504.8                   151.2 (88.3)   46.2--493.1   \<0.0001
  HOMA                      3.1 (2.2)                 0.2--21.9                    9.1 (5.8)      2.1--30.2     \<0.0001
  Actual sleep (hours)      6.1 (1.0)                 2.6--8.8                     5.9 (1.3)      2.3--7.7      0.18
  Sleep fragmentation (%)   19.0 (7.8)                4.4--63.9                    20.3 (8.7)     6.5--41.8     0.29
                                                                                                                

                      Sample (%)      Sample (%)      χ^2^ test
  ------------------- ------------ -- ------------ -- -----------
  Women               57              70              0.11
  African Americans   41              60              0.018
  Insomnia            17              35              0.005
  Frequent snorers    12              23              0.06

The results of the cross-sectional analyses examining the association between the sleep measures and fasting glucose, fasting insulin, and HOMA-IR are presented in [Table 2](#T2){ref-type="table"}. In subjects without diabetes in the unadjusted models, frequent snoring was associated with higher fasting glucose, higher insulin, and higher HOMA values, and shorter sleep duration was associated with higher insulin levels and higher HOMA values, but these associations were no longer statistically significant in the fully adjusted models. Among subjects without diabetes, the fully adjusted models showed insomnia was associated with lower insulin levels and, as a direct result of lower insulin levels, lower HOMA. The regression coefficients indicated that having insomnia was associated with a 14% lower fasting insulin level and a 14% lower HOMA level.

###### 

Cross-sectional analysis predicting the natural log of glucose, insulin, and HOMA from each sleep variable separately stratified by diabetes[\*](#t2n1){ref-type="table-fn"}

  Variable                         Model 1 (unadjusted)     Model 2 (adjusted)[†](#t2n2){ref-type="table-fn"}                           
  -------------------------------- ------------------------ --------------------------------------------------- ----------------------- ----------------------
  Outcome: ln(glucose)                                                                                                                  
   Sleep duration (h)                                                                                                                   
    β                              --0.003                  --0.022                                             0.006                   0.033
    95% CI                         --0.011 to 0.005         --0.084 to 0.040                                    --0.003 to 0.015        --0.032 to 0.097
    *P*                            0.46                     0.48                                                0.20                    0.31
   Sleep fragmentation (per 10%)                                                                                                        
    β                              0.008                    **0.133**                                           0.001                   **0.089**
    95% CI                         --0.004 to 0.019         **0.042--0.223**                                    --0.010 to 0.012        0.006--0.172
    *P*                            0.199                    **0.005**                                           0.89                    **0.036**
   Insomnia                                                                                                                             
    β                              0.001                    **0.285**                                           --0.001                 **0.204**
    95% CI                         --0.022 to 0.024         **0.069--0.501**                                    --0.025 to 0.023        --0.006 to 0.414
    *P*                            0.94                     **0.011**                                           0.93                    **0.056**
   Frequent snoring                                                                                                                     
    β                              **0.031**                --0.088                                             0.014                   --0.148
    95% CI                         **0.008--0.055**         --0.290 to 0.113                                    --0.009 to 0.037        --0.323 to 0.026
    *P*                            **0.008**                0.38                                                0.23                    0.092
  Outcome: ln(insulin)                                                                                                                  
   Sleep duration (h)                                                                                                                   
    β                              **--0.059**              --0.042                                             0.011                   **--**0.051
    95% CI                         **--0.111 to --0.007**   --0.209 to 0.123                                    --0.038 to 0.060        **--**0.181 to 0.078
    *P*                            **0.025**                0.61                                                0.66                    0.42
   Sleep fragmentation (per 10%)                                                                                                        
    β                              0.056                    **0.224**                                           --0.015                 **0.264**
    95% CI                         --0.009 to 0.121         **0.010--0.438**                                    --0.073 to 0.042        **0.086--0.441**
    *P*                            0.093                    **0.040**                                           0.60                    **0.005**
   Insomnia                                                                                                                             
    β                              --0.059                  0.216                                               **-0.145**              **0.389**
    95% CI                         --0.203 to 0.085         --0.133 to 0.565                                    **--0.275 to −0.014**   --**0.068 to 0.710**
    *P*                            0.42                     0.22                                                **0.030**               **0.019**
   Frequent snoring                                                                                                                     
    β                              **0.235**                0.208                                               0.010                   0.209
    95% CI                         **0.073--0.397**         --0.215 to 0.631                                    --0.133 to 0.153        --0.117 to 0.535
    *P*                            **0.004**                0.33                                                0.89                    0.20
  Outcome: ln(HOMA)                                                                                                                     
   Sleep duration (h)                                                                                                                   
    β                              **--0.062**              --0.065                                             0.017                   --0.019
    95% CI                         **--0.118 to −0.007**    --0.228 to 0.097                                    --0.036 to 0.070        --0.164 to 0.126
    *P*                            **0.028**                0.43                                                0.53                    0.79
   Sleep fragmentation (per 10%)                                                                                                        
    β                              0.064                    **0.356**                                           --0.015                 **0.353**
    95% CI                         --0.007 to 0.134         **0.172--0.541**                                    --0.075 to 0.046        **0.197--0.508**
    *P*                            0.077                    **\<0.001**                                         0.64                    **\<0.001**
   Insomnia                                                                                                                             
    β                              --0.058                  **0.501**                                           **--0.146**             **0.593**
    95% CI                         --0.212 to 0.096         **0.123--0.880**                                    **--0.284 to −0.008**   0.284 to 0.902
    *P*                            0.46                     **0.011**                                           **0.038**               **\<0.001**
   Frequent snoring                                                                                                                     
    β                              **0.266**                0.120                                               0.024                   0.061
    95% CI                         **0.096−0.437**          --0.378 to 0.618                                    --0.128 to 0.176        --0.307 to 0.428
    *P*                            **0.002**                0.63                                                0.76                    0.74

Boldface type indicates statistical significance.

\*Each sleep-related predictor was included in a separate regression model.

†Model 2 is adjusted for age, race, sex, BMI, education, and income.

Among subjects with diabetes, greater sleep fragmentation and insomnia, but not sleep duration, were associated with higher fasting glucose, higher fasting insulin, and higher HOMA even in the fully adjusted models. [Figure 1](#F1){ref-type="fig"} presents the unadjusted associations between sleep fragmentation and each of the metabolic variables. [Figure 2](#F2){ref-type="fig"} presents the association between insomnia and each of the metabolic variables. The regression coefficients from the fully adjusted regression models ([Table 2](#T2){ref-type="table"}) indicated that among subjects with diabetes, a 10% higher sleep fragmentation was associated with a 9% higher fasting glucose level, a 30% higher fasting insulin level, and a 43% higher HOMA value.

![Scatterplots present the unadjusted association between sleep fragmentation and fasting glucose (*A*), insulin (*B*), and HOMA (*C*) among subjects with diabetes. Unadjusted regression is represented by the line.](1171fig1){#F1}

![Box and whisker plots present the unadjusted association between insomnia and fasting glucose (*A*), insulin (*B*), and HOMA (*C*) among subjects with diabetes. The median is marked by the line inside the box, the ends of the box are the 25th and 75th percentiles, the whiskers represent the largest and smallest observed values that are not outliers, and the circles represent an outlier defined as 1.5 × interquartile range.](1171fig2){#F2}

To translate these statistical associations, let us consider a diabetic patient who has good sleep quality with sleep fragmentation of only 5% and who has a fasting glucose level of 7.8 mmol/L. Let us consider a second diabetic patient with identical demographics, but a sleep fragmentation of 15%, which is the clinical threshold for insomnia. His or her average fasting glucose level is estimated to be 0.7 mmol/L higher than the first patient. Finally, insomnia among subjects with diabetes was associated with a 23% higher fasting glucose level, a 48% higher fasting insulin level, and an 82% higher level of HOMA. Again as an example, if two patients differ only in the presence of insomnia and the one without insomnia had a fasting glucose level of 7.8 mmol/L, the average fasting glucose level in the patient with insomnia would be 1.6 mmol/L higher.

CONCLUSIONS {#s8}
===========

Our analyses suggest that habitual sleep duration objectively assessed by multiple days of wrist actigraphy is not associated with markers of glucose metabolism assessed after an overnight fast in middle-aged adults with and without diabetes. Sleep fragmentation and insomnia, however, were both associated with higher fasting glucose, insulin, and estimated insulin resistance, but in subjects with diabetes only. Frequent snoring, which is a possible indicator of sleep-disordered breathing, was associated with higher fasting glucose, insulin, and insulin resistance in subjects without diabetes in unadjusted models only, which suggests that this association may be mediated by one of the covariates, such as BMI. Frequent snoring was not significantly associated with any of the metabolic measures in subjects with diabetes.

The lack of association between sleep duration or fragmentation and fasting glucose among subjects without diabetes in our sample is consistent with laboratory studies of sleep restriction in both young and middle-aged healthy subjects ([@B4]--[@B6],[@B19]). These studies observed a significant deleterious impact of experimentally reduced sleep duration or quality on glucose metabolism in response to a glucose challenge, but did not observe a significant change in fasting levels of glucose or insulin. Two epidemiologic studies in adults also reported no association between self-reported sleep duration and fasting glucose, insulin, or HOMA in subjects without diabetes ([@B9],[@B20]). Thus, the effects of short sleep duration or poor sleep quality on glucose metabolism in healthy individuals may be detectable only after a glucose challenge.

It is possible that the effects of sleep disturbances are more pronounced in subjects with diabetes because the mechanisms responsible for glucose homeostasis are already deficient and therefore more vulnerable. Laboratory studies in healthy subjects have indicated that lower cerebral glucose utilization, elevated sympathetic activity, higher evening cortisol levels, alterations in growth hormone release, and elevated markers of inflammation are on the pathways that mediate the adverse effects of reduced sleep duration or quality on glucose metabolism, or both. Each of these pathways is already dysregulated in the diabetic state and is likely to be more vulnerable to an additional perturbation, such as sleep disturbance.

Our data suggest that the effect of impaired sleep on glucose control in patients with type 2 diabetes may be clinically relevant. Among subjects with diabetes, fragmented sleep and insomnia were associated with fasting glucose levels that were 0.7--1.8 mmol/L higher than in those who had well-consolidated sleep or no insomnia. The strength of these associations suggests that the diagnosis and therapeutic treatment of type 2 diabetes should take into account the possible existence of sleep disturbances.

Sleep disturbances may be more common in people with diabetes ([@B21]). A study in Italy found significantly higher sleep fragmentation using wrist actigraphy in patients with type 2 diabetes compared with healthy controls ([@B14]). We did not observe significant differences in sleep fragmentation between subjects with and without type 2 diabetes, but the prevalence of insomnia symptoms in subjects with diabetes was double that in those without diabetes. A variety of factors may be responsible for the higher insomnia prevalence among those with diabetes, including increased pain associated with neuropathy, nocturia, poor glucose control, and sleep-disordered breathing. Our dataset does not provide indications on the cause of insomnia in the participants with type 2 diabetes.

Effects of insomnia on glucose metabolism have not been studied extensively. Insomnia often involves sleep loss but can also include impaired sleep quality, including increased sleep fragmentation. Insomnia may be associated with increased activity in the hypothalamic-pituitary-adrenal axis ([@B22]), which could impair glucose metabolism, particularly in those whose metabolism is already compromised. The link between the presence of insomnia and slightly, but significantly, lower fasting insulin values without significant elevation of glucose levels in nondiabetic individuals with insomnia in our fully adjusted model is intriguing. An exploratory analysis showed that this association became significant after adjustment for BMI, and reflected the contribution of the nondiabetic individuals with insomnia who were not overweight (BMI \<25 kg/m^2^). The unadjusted mean (SD) fasting insulin level was 43.3 (20.7) pmol/L in the 22 subjects with insomnia and 54.9 (22.4) pmol/L in the 145 individuals without insomnia. This finding will need replication in a larger sample.

This study has some limitations that need to be considered. First, our study design does not allow for determination of causal direction. Although available evidence from epidemiologic and laboratory studies supports the concept that disturbed sleep impairs glucose metabolism, poorly controlled glucose levels may also impair sleep ([@B21]).

Second, we do not have polysomnographic measures of sleep in this cohort, so we cannot accurately detect sleep disorders like obstructive sleep apnea, which appears to be highly prevalent in patients with type 2 diabetes ([@B23]) and is associated with poorer glycemic control ([@B24]). We did use a validated screening questionnaire and examined the frequent snoring component of this questionnaire as a surrogate marker of apnea risk, but frequent snoring was not associated with any of the outcome measures in the fully adjusted models.

A third limitation is that participants reported having fasted for at least 8 h, but there was no way to objectively verify whether they were indeed fasting. Thus, some of the glucose and insulin measures may not have been representative of a fasting state. Another important limitation is that the sample only contained 40 individuals with diabetes, which is consistent with the mean age of the participants.

Finally, sleep was not assessed immediately before the clinical examination, but previous analysis of the actigraphy data demonstrated little year-to-year variability ([@B25]). Future research should enroll larger numbers of diabetic patients and measure glucose metabolism in a controlled setting.

Patients with type 2 diabetes are at a higher risk of diabetes complications if their glucose levels are poorly controlled. Our analyses indicated an association between poor sleep quality and higher glucose, insulin, and estimated insulin resistance that is likely to be of clinical significance. Additional research to examine the effect of impaired sleep on glycemic control in people with type 2 diabetes is important. If improving sleep can help improve glucose control in people with diabetes, then a potentially new therapeutic intervention may be identified.
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